A novel real-time gray-scale photolithography technique for the fabrication of continuous microstructures that uses a LCD panel as a real-time gray-scale mask is presented. The principle of design of the technique is explained, and computer simulation results based on partially coherent imaging theory are given for the patterning of a microlens array and a zigzag grating. An experiment is set up, and a microlens array and a zigzag grating on panchromatic silver halide sensitized gelatin with trypsinase etching are obtained. 3 -5 have been developed for fabrication of continuous 3D microstructure. Direct writing either by laser or by e-beam is time consuming and expensive. Conventional gray-scale photolithography requires a gray-scale mask, which is diff icult to design and expensive to fabricate; once a design has been made on a mask it cannot be changed unless a new mask is made. As a f lexible approach, dynamic stereolithographic masks based on the use of a spatial light modulator for micromachining have been developed. 6 -8 In this Letter a real-time gray-scale photolithographic technique for the fabrication of micro-optical elements is proposed. The technique is an inexpensive one-step photolithography. Not only does this technique possess the characteristics and merits of conventional gray-scale photolithography but also its mask also can be modif ied according to experimental conditions in real time, and the data volume of the mask is greatly reduced. This technique combines the advantages of a programmable digital LCD system and a projection photolithography system; it makes use of the f lexibility of the former and the parallelism of the latter. The present technique overcomes the limitation of multistep optical lithography, which requires multiple masks or direct writing processes. As the mask design can be adjusted in real time, it is relatively easy to change the design parameters to compensate for any nonlinear effects in aerial imaging, photoresist exposure, and development and substrate etching processes.
There has been a surge of interest in microoptical elements with three-dimensional (3D) continuous structures because of their potential applications in optical communication, display technology, and other fields. In the past few years, different technologies such as laser beam direct writing, 1 electron-beam (e-beam) direct writing, 2 and conventional gray-scale photolithography with coded gray-tone masks 3 -5 have been developed for fabrication of continuous 3D microstructure. Direct writing either by laser or by e-beam is time consuming and expensive. Conventional gray-scale photolithography requires a gray-scale mask, which is diff icult to design and expensive to fabricate; once a design has been made on a mask it cannot be changed unless a new mask is made. As a f lexible approach, dynamic stereolithographic masks based on the use of a spatial light modulator for micromachining have been developed. 6 -8 In this Letter a real-time gray-scale photolithographic technique for the fabrication of micro-optical elements is proposed. The technique is an inexpensive one-step photolithography. Not only does this technique possess the characteristics and merits of conventional gray-scale photolithography but also its mask also can be modif ied according to experimental conditions in real time, and the data volume of the mask is greatly reduced. This technique combines the advantages of a programmable digital LCD system and a projection photolithography system; it makes use of the f lexibility of the former and the parallelism of the latter. The present technique overcomes the limitation of multistep optical lithography, which requires multiple masks or direct writing processes. As the mask design can be adjusted in real time, it is relatively easy to change the design parameters to compensate for any nonlinear effects in aerial imaging, photoresist exposure, and development and substrate etching processes.
Most microstructures require 3D prof iles. With conventional gray-scale photolithography, a twodimensional (2D) mask is coded so that light intensity is modulated through the mask to produce a desired exposure dose distribution that can be expressed as
where I ͑x, y͒ represents the light-intensity distribution on photoresist and t is exposure time. Then, a 3D photoresist prof ile can be formed through postprocessing. The gray-scale photomask can then be replaced with a LCD panel with real-time control of pixel switching in our technology. To use the LCD for photolithography, we can write the exposure dose distribution as
where t͑x, y͒ and I are the exposure-time distribution and light intensity on photoresist. Instead of modulating the light intensity as in a conventional gray-scale mask, here we modulate only the exposure time to achieve the same effect as a gray-scale mask.
To realize this technique, one should f irst transform the initial 3D height prof ile into a gray-scale function, f ͑x, y͒, and the number of gray levels is 2 N 2 1, where N is a natural number. Then, the gray-scale distribution may be transformed directly into the corresponding exposure-time distribution. Finally, the corresponding exposure time of every dot on the photoresist is the sum of the switching-on time of related LCD pixel in N-frame binary patterns. The switching-on time of the nth frame is 2 n21 , and n is a natural number from 1 to N. So the gray-scale function can be expressed as
where b n ͑x, y͒ represents the nth frame binary pattern. b n ͑x, y͒ can be calculated and plotted if the gray-scale distribution f ͑x, y͒ is known. In the projection system, assuming the imaging intensity distribution of the nth frame is I n ͑x, y͒, the total exposure dose can be obtained as
t 0 is a parameter related to the exposure time,
and t total is the total exposure time for the resist layer, which is determined according to the light intensity transmitted through the LCD and the total desired exposure dose. It can be seen that N-frame patterns can be used to discretize the 3D prof ile height into 2 N 2 1 gray levels. The data volume generated by computer will be greatly reduced by use of this technique.
We developed a program to decompose a 3D structure into exposure frames for the fabrication of a microlens and a zigzag grating. For example, Fig. 1 shows f ive microlens frames (2 5 2 1 31 gray levels), and the computer controls the LCD panel to display these patterns frame by frame.
Based on Eq. (4), we simulate the photolithography imaging processes of the microlens and the zigzag grating structure, using the LCD real-time gray-scale mask. The LCD real-time gray-scale mask is illuminated by a partially coherent light source; therefore, according to the theory of partially coherent imaging and the concept of the Hopkins's effective light source, the intensity distribution in Eq. (4) of each frame pattern on the image plane should be expressed as
where the complex amplitude transmittance function of the mask is T object ͑x 0 , y 0 ͒, the numerical aperture of the objective lens is NA, the exposure wavelength is l, s is the partial coherence factor of the light source, I eff ͑x s , y s ͒ is the intensity of the effective source, H ͑x s 2 f x , y s 2 f y ͒ is the pupil function, and U ͑ f x , f y ͒ is the spectrum of the object. A program has been developed to calculate the light-intensity distribution of each frame pattern of b n ͑x, y͒ and the total exposure dose distribution from the LCD real-time gray-scale mask. The calculated dose distributions of the zigzag grating and the microlens are shown in Fig. 2 ͑l 0.5 mm; s 0.8; NA, 0.5͒. It can be seen that the simulation shows a good result.
To prove the principle of the LCD real-time gray-scale photolithography technique, we carried out experimental lithography of panchromatic silver halide sensitized gelatin (Kodak-131). Because of its availability for purchase, a color transmittance LCD panel is used as the real-time gray-scale mask, although a black and white LCD can do the job equally well. This gelatin material is used as the photosensitive layer because it is sensitive to visible light. The material's spectral response range is from 400 to 680 nm.
The schematic experimental system is shown in Fig. 3 . An optical exposure system used for the printed circuit chip is modif ied for the experiment. The LCD panel is inserted in the objective plane. Through precise adjustment and positioning, the central normal of LCD panel remains on the same line as the principal axis of the lens. Moreover, through the use of a stepping motor, the LCD panel can be moved precisely for adjustment of the magnification of the system. Then, the LCD is controlled by a PC with a video graphic card. The mask image from the LCD is demagnified and projected on the photosensitive material. In this process the LCD mask is composed of 1024 3 768 pixels. Each pixel is 99 mm 3 99 mm square. With our imaging optical device, the maximum imaging field on the material can be chosen to be in the range from 3 to 12 mm 2 by adjustment of the magnification of the system from roughly 1͞20 to 1͞60 times. So the minimal feature size on the material can reach 1.6 mm in our experiment (the resolution of the projection system is ϳ1 mm). A process for optimizing silver halide sensitized gelatin that was developed earlier 10 was optimized for our application. For example, by use of Kodak D-76 as a developer we can obtain the optimal linear relationship between exposure dose and gray-scale distribution and the volume proportion of B solution, water. Solution A in the modified R-10 solution is modif ied from 30:10:1 to 0.5:10:1 because this recipe can yield a better etching result for the low-spatial-frequency element (fewer than 800 lines͞mm). In addition, the relief structure is deepened by means of etching with 2% trypsinase solution. The main processing procedures consist of exposure, development, bleaching, fixation, and etching.
The fabricated zigzag grating has a pitch of 46.26 mm, and the etching depth is 0.902 mm. The radius of the microlens is 59.33 mm, and the etching depth is 1.638 mm. The interference patterns of the zigzag grating and the microlens are shown in Fig. 4 , and their relief structures have been measured by use of a stylus prof iling instrument (Alpha Step 500), as shown in Figs. 5 and 6 .
In conclusion, a novel technique using a LCD panel as a mask to fabricate a continuous microstructure has been demonstrated. The 3D prof ile of the photosensitive layer is realized by transformation of the calculated gray-scale distribution of the prof ile into an exposure-time distribution. Micro-optical elements, such as microlens and zigzag gratings, were fabricated with the technique. As there are no conventional masks needed for the photolithography and a 3D prof ile can be imaged in one-step lithography, the technique is a low-cost and fast technology. At present, the lithography is done at visible wavelengths. It should be possible to use an UV light source, provided that an UV-transparent LCD panel is available. The technique is most suitable for patterning of micrometer dimensions. For smaller features, the minimal feature size of the fabricated elements is limited mainly by the resolution of the projection system. It should be noted that the imaged size of each LCD pixel must be greater than the resolution of a projection system for one to obtain a high-quality image. Thus the minimal feature size of fabricated element can be greater than or equal to the imaged size of each pixel.
